Abstract: Coumarin derivatives are used as fluorescent dyes and medicines. They also have some notable physiological effects, including the acute hepatoxicity and carcinogenicity of certain aflatoxins, the anticoagulant action of dicoumarol, and the antibiotic activity of novobicin and coumerymycin A1. Because the number of drug resistant strains is increasing at present, the synthesis of new antibacterial compounds is one of the critical methods for treating infectious diseases. Therefore, a series of coumarinsubstituted derivatives, namely 4-hydroxy-and 7-hydroxycoumarins, and 3-carboxycoumarins were synthesized. 4-Hydroxycoumarin derivatives 4a-c underwent rearrangement reactions. Both 4-and 7-hydroxycoumarins were treated with activated aziridines which produced series of ring-opened products 7, 8, 10, and 11. 3-Carboxy-coumarin amide dimer derivatives 14-21 were prepared by reacting aliphatic alkylamines and
greater extent of rearrangement than 7-acyloxycoumarins. The effects might have been due to an electron deficiency inductive effect plus the different distances between position 7-acyloxy and the non-aromatic double-bond electron density at positions 3 and 4 of the 4-acyloxycoumarins. In this study, only the aliphatic acid anhydride acylation of 4-hydroxycoumarin caused rearrangements, while aromatic acid anhydrides failed to react. For 7-hydroxycoumarin, its acylation product was not observed, even when aliphatic or aromatic acid anhydrides with NaOMe in methanol were used. When 7-hydroxycoumarin treated with base will become more resonance anion and more difficult to react with anhydride by weak base MeOH and even by strong base NaOMe. Therefore both of bases are unable to carry out the reaction. We also tried to use other diketone and amide compounds to react with the hydroxycoumarins, unfortunately, the expected acylation rearrangement did not occur. This might be explained by the greater number of methylene groups and the increase in the distance between the two C=O bonds which makes it more difficult to attack the other carbonyl position. Synthesis of coumarin derivatives via the ring-opening reaction with activated aziridines has not been reported and characterized previously. The reaction of the coumarin anion with N-benzoyl-or N-sulfonylaziridines 6 yielded amidoethylated 7-or 4-hydroxycoumarins 7, 8, 9 and 10. The final results depend on the substitution of the N-acyl or N-sulfonyl groups on the acyl group, such as benzoyl and the coumarin anions will attack from an abnormal position to provide the major products 7d-f, 10n, and 10q. Only trace amounts of products are produced from normal ring-openings of aziridines. However, with the N-sulfonyl group, we obtained both products (in 4:1 ratio), but the main products resulted from normal ring-opening of the activated aziridines 7h, 8i, 8j, 10k-l, and 11k. It was assumed that compounds 7, 8, 10, 11, and their analogues were formed by the nucleophilic attack of acylaziridines via an S N 2-like ring opening mechanism. The comparison of the proton NMR of the NH group in 7 and 8 revealed the cleavage of the ring position.
In our previous work [35] , we reported that when PyBOP (13) was used as a coupling reagent to synthesize natural amide dimers, relatively high yields was obtained. The reaction did not perturb the formation of amide dimers even when a sugar moiety is attached to the parent compounds. In general, for the formation of amide or dimer chains, the reaction temperatures had a great influence on the structural conformation. From NMR spectroscopic analysis, the intermediate, coumarin-triazobenzene, displayed rearranged characteristics. We hypothesize that it might depend on the two factors of the solvent system introduced and the duration of the reaction. The reaction was carried out under mild conditions, by mixing the reagents with DMF at ca. 0 °C, followed by the addition of DIEA. The resulting solution was allowed to warm to room temperature for 1-3 days, then alkyldimines were added dropwise to produce high yields of coumarin amide dimers.
All of the above synthetic products were further tested for their antibacterial effects. The MICs of the compounds tested against the reference strains are shown in Table 1 . The antimicrobial tests performed on coumarin derivatives 3c, 3c 1 , 4a 2 , 4b, 4c, and 7f confirmed the better activities of these compounds against Gram-positive rather than Gram-negative bacteria and some were especially active against Bacillus subtilis and Staphylococcus aureus. Compound 7f was the most potent of the tested compounds against B. subtilis, with an MIC value of 8 μg/mL. Compounds 3c, 3c 1 , 4a 2 , 4b, 4c, and 7d only inhibit bacterial growth moderately, with lower MICs of 32, 16, and 64 μg/mL, respectively, when compared to penicillin G. The MICs of coumarin amide dimers 14-21 ranged from 128 to 256. Prior to these studies, the available information on coumarin-aziridins and the dimerization moiety of SAR indicated that molecular recognition involved specific receptor interactions. We propose that the various aziridines and dimer chain lengths might change the binding characteristics of ligands or the conformational direction to their respective receptors and, thereby, improve the biological activities. >256  >256  >256  >256  4a 2  64  >256  >256  >256  4b  64  128  256  >256  4b 1  >256  >256  >256  >256  4b 2  128  >256  >256  >256  4c  16  16  128  >256  4c 1  >256  >256  >256  >256  4c 2  64  32  >256  >256  7d  64  64  >256  >256  7e  >256  >256  >256  >256  7f  8  8  >256  >256  7g  >256  >256  >256  >256  7h  >256  >256  >256  >256  8i  >256  >256  >256  >256  8j  >256  >256  >256  >256  10k  >128  >128  128  >128  10l  >128  >128  >128  >128  10m  >128  >128  128  >128  10n  >128  >128  >128  >128  10o  >128  >128  >128  >128  10p  >128  >128  >128  >128  10q  >128  >128  >128  >128  10r  >128  >128  >128  >128  11k  >128  >128  >128  >128  14  >128  >128  >128  >128  15  >128  >128  >128  >128  16  >128  >128  >128  >128  17 >128 >128 >128 >128 
Chemistry
Regarding the synthetic route applied to 4-hydroxycoumarin derivatives, 4-hydroxycoumarin and its analogues 1a-c were used as starting materials to react with acid anhydrides, acetic anhydride, e.g., propionic anhydride, and benzoic anhydride, to produce the corresponding O-acyloxyl products 3a-c. It was observed that a proton on the hydroxyl group of coumarin was substituted by an acyl group when we elevated the temperature to ca. 150 °C. Similar conditions were adopted to produce the O-acyloxyl and benzoyloxyl derivatives as the main reaction products. High yields were achieved when methyl groups were introduced at the 6 and 7 positions of the parent coumarin structure (Scheme 1). The subsequent reaction involving heating over 170 °C in a sealed tube led to the rearrangement products 4a-c in yields comparable to compounds 3a-c. Methyl group substitution produced greater yields of 52%-64%. Excess acid anhydrides were finally removed by column chromatography on silica gel. Furthermore, 4-hydroxy-and 7-hydroxycoumarin derivatives were found to undergo ring-opening reactions with various activated aziridines (Schemes 2 and 3). These new and convenient approaches to the synthesis of 4-hydroxy-, 7-hydroxycoumarins or other hydroxycoumarin derivatives were apparently caused by the nucleophilic attack on the activated aziridine rings. We used two hydroxycoumarins as starting materials in refluxing tetrahydrofuran (THF) and acetone in the presence of a base (NaOCH 3 or K 2 CO 3 ) for 2-3 h to form "coumarin 5-O" and "coumarin 9-O" [the anions of 4-hydroxycoumarin (5) and 7-hydroxycoumarin (9)], and then reacted them with various activated aziridines. It was found that two isomers 7, 8 or 10, 11 were produced from each hydroxycoumarin in yields of 28%-88%. The main products generated from N-benzoylaziridines (X = C) were produced by abnormal regioselective ring-opening reactions producing 7d-g, 10m-n, and 10q with strongly preferred cleavage of the N-CH 2 bond. In the similar reactions with tolylaziridines (X = SO), a mixture of normal regioselectivity ring-opening products 7h, 8i-j, 10k-l, and 11k were observed to predominate.
The syntheses of some coumarin dimers using Mn(III) or Fe(III) in the presence of a strong acid to obtain high yields were reported. We reacted coumarin acid 12 with diamines (n = 3-12) in the presence of PyBOP, DIEA, and dimethylformamide at room temperature or 60 °C with stirring for 18 h. The excess solvent, DIEA, and alkyldiamines were removed by column chromatography on silica gel to provide coumarin amide dimers 14-21 in excellent yields (82%-87%). The products were recrystallized from ether and methanol (Scheme 4). The yields of dimers seem not to be affected by the bulky PyBOP reagent and essentially no steric hindrance between diamines and coumarins was observed. The chemical structures of these products were established using spectroscopic methods including IR, 1 H-, 13 
C-NMR, FAB-MS, HR-FAB-MS, and LC/MS/MS (ESI)
. The IR spectra of these amide dimers showed the C=O absorption peaks around 1647-1665 cm 
Scheme 4. 3-Carboxycoumarin reactions with alkyldiamines.
Reagents: i, DIEA/THF; ii, 3-coumaric acid/THF, alkyldiamine.
Antibacterial Activity Test
Acyl coumarins 3a-4c, 4-hydroxy-, and 7-hydroxycoumarins 7-11 and coumaric amide dimers 14-21 were tested against reference strains of Bacillus subtilis (BCRC 10029), Staphylococcus aureus (BCRC 11863), Escherichia coli (BCRC 11758), and Pseudomonas aeruginosa (BCRC 11733) obtained from The Bioresources Collection & Research Center (BCRC), Taiwan. Penicillin G potassium salt (CAS 113-98-4, USP grade) was used as a reference and purchased from Sigma-Aldrich (St. Louis, MO, USA). Bacteria were grown overnight in Müller-Hinton broth (Difco, Detroit, MI, USA) and trypticase soy broth (TSB, Oxoid, Basingstoke, Hampshire, UK).
The minimal inhibitory concentrations (MICs) of all synthesized compounds were determined using the reference method of broth dilution measurements. Each test compound and penicillin G was dissolved in DMSO/EtOH/phosphate buffer or phosphate buffer before a serial two-fold dilution to the desired test concentration ranges. DMSO/EtOH/phosphate buffer and phosphate buffer were used for the solvent control test. The seed was cultured with trypticase soy broth containing 10 
Experimental

General
The IR spectra were recorded on a Thermo Mattson IR300 and Nicolet 510 PET spectrometers. Optical rotations were measured with a JASCO p-1020 digital polarimeter. NMR spectra were recorded at 500 ( 1 H-NMR) and 125 MHz ( 13 C-NMR) on a Bruker DRX-500 spectrometer in CDCl 3 or DMSO solution with respect to the corresponding solvent peak used as the internal standard. Mass spectra were measured on a Finnigan/Thermo Quest NAT 95XL, JEOL JMX-HX 110, JEOL JMSHX 110 FAB-MS, and LC/MS/MS Micromass Quattro II. The compounds were prepared according to similar procedures, and reactions took place in high-pressure tubes (Büchiglasuster, bursting disc, 0032). For the chromatographic analysis, Merck silica gel 60 was used. The chemical reagents used in the synthesis were purchased from Sigma-Aldrich and Merck. The crude products were purified by column chromatography and recrystallized using ether/methanol or n-hexane/methanol. Biological data were recorded on a Microplate Autoreader EL 311.
Preparation of Acylcoumarins
4-Hydroxycoumarin and its derivatives 1a-c were added to a high-pressure tube (Bursting disc, Büchiglasuster) containing of acid anydride 2. The solution was stirred for 2 h at 150 °C. The dried mass was separated by column chromatography (CHCl3/EA/n-hexane = 8:1:1) to give compounds 3a-c. Next the solution was stirred at 180 °C and purified by column chromatography to obtaine the rearranged compounds 4a-c.
Preparation of 4-hydroxy-, and 7-hydroxycoumarin Derivatives via Ring Opening of Activated Aziridines
Synthesis of 4-hydroxy-, and 7-hydroxycoumarin derivatives with activated aziridines are shown in Schemes 2 and 3. Compound 5 was dissolved in dry acetone, CH 3 ONa and then added activated aziridine. The mixture was stirred at 130 °C, and dry mass was purified by column chromatography (CHCl3/EA = 9:1) for compounds 7 and 8. Compound 9 was dissolved in dry acetone then added K2CO 3 with same procedure for compounds 10 and 11.
Preparation of Coumarin Amide Dimers
Synthesis of the desired amide dimer derivatives of coumarin acid with alkyldiamines is shown in scheme 4. The PyBOP coupling reagent was used to prepare a series of coumarin acid amide dimers under mild conditions. Compound 12 was dissolved in dry dimethylformamide (DMF) then added various alkyldiamines. When the mixtures were cooled PyBOP solution DMF and diisopropylethylamine (DIEA) was added. After the mixture was allowed to warm to room temperature and stirred for 18 h the residues were purified by column chromatography (CHCl 3 /acetone = 10:1) for compounds 14-21. N-p-Tolylsulfonyl)-1,1-dimetylethyl]coumarin (8j) . M.p. 187-190 °C. 
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Conclusions
Synthesis of coumarin derivatives via the ring-opening reaction with activated aziridines has not been reported previously. The reaction of the coumarin anion with N-benzoyl-or N-sulfonylaziridines 6 yielded amidoethylated 7-or 4-hydroxycoumarins 7, 8, 9 and 10. The final results depend on the substitution of the N-acyl or N-sulfonyl groups on the acyl group, so the benzoyl and the coumarin anions will attack from an abnormal position to provide the major products 7d-f, 10n, and 10q. The main products resulted from normal ring-opening of the activated aziridines 7h, 8i, 8j, 10k-l, and 11k. It was assumed that compounds 7, 8, 10, 11, and their analogues were formed by the nucleophilic attack of acylaziridines via an S N 2-like ring opening mechanism. In our previous work, when PyBOP (13) used as a coupling reagent to synthesize natural amide dimers, relatively high yields were obtained. In general, for the formation of amide or dimer chains, the reaction temperature had a great influence on the structural conformation. From NMR spectroscopic analysis, the intermediate, coumarin-triazobenzene, displayed rearrangement characteristics. The antimicrobial tests performed on coumarin derivatives 3c, 3c 1 , 4a 2 , 4b, 4c, and 7f confirmed the better potential activities of these compounds against Gram-positive rather than Gram-negative bacteria. Compound 7f was the most potent of these tested compounds against B. subtilis, with a MIC value of 8 μg/mL, while the coumarin amide dimers 14-21 displayed lower antibacterial activities (the MICs are >128 to 256).
